The cluster of genes encoding components of the botulinum neurotoxin (BoNT) complex was mapped in proteolytic (group I) Clostridium botulinum strains encoding BoNT types A, B, and F. Two different arrangements of genes were found: type A strain 62A and type B strain NCTC 7273 have similar organizations of genes encoding BoNT, the nontoxic nonhemagglutinin component (NTNH), hemagglutinin components, and P-21; type F strain Langeland has genes encoding BoNT, NTNH, and P-21, and a previously unidentified open reading frame encoding a protein of 416 amino acids. A group of type A strains typified by infant strain Kyoto-F, which is unlike type A strain 62A, lacks genes for hemagglutinin components and exhibits an organization similar to that of type F. Sequencing and pairwise analysis revealed the presence of possible chimeric sequences in some NTNH genes of proteolytic C. botulinum. Discordance in genealogical trees derived from different regions of the NTNH genes was observed which could be symptomatic of recombination and which may indicate that the NTNH gene represents a hot spot for such events within the cluster of genes encoding the BoNT complex. It is also evident that the phylogenetics of the NTNH gene, which is linked to the gene encoding BoNT, does not mirror the evolutionary history of the BoNT, upon which the C. botuZinum species complex is defined and subdivided.
Strains of the species Clostridium botulinum produce the extremely toxic botulinum neurotoxin (BoNT). BoNT is the causative agent of the severe neuroparalytic illness in humans and animals referred to as botulism. BoNTs are classified into seven different types (A through to G) by reaction with specific antisera. C. botulinum strains are traditionally divided into four physiological groups, which are designated I to IV (18). Proteolytic group I C. botulinum strains produce a single toxin or, occasionally, dual toxins of type A, B, or F. Nonproteolytic group I1 C. botulinum strains invariably produce a single toxin of type B, E, or F. Group I11 strains produce BoNT type C or BoNT/D and are responsible for animal botulism, while group IV strains produce BoNT/G. Strains of groups I and 11, especially those of types A and B, are important agents of both food-borne and infant botulism (18). In addition, some strains of the non-C. botulinum species are known to synthesize BoNT (viz., Clostridium barati [type F] and Clostridium butyricum [type El). Recently, the evolutionary interrelationships of C. botulinum types A to G, C. barati type F, and C. butyricum type E and their BoNT genes have been systematically investigated. 16s rRNA sequencing revealed the presence of four distinct phylogenetic lines within C. botulinum which correlate with the four physiological groups (I to IV) (22) . The same studies revealed that neurotoxigenic C. barati and C. butyricum strains are authentic members of their respective species and are genealogically distinct from each other and the four C. botuli- (I, 31, 35) . These strains also differ in the composition of the progenitor toxin complex produced and the organization of genes in the toxin cluster (4). It has been shown that approxirnately 50% of C. botulinum type A strains contain unexpressed BoNT/B gene sequences (12) . In the C. botulinum strains thus far examined, those which carry additional BoNT/B genes are invariably of type A1 (4). To date, knowledge of the gene organization and evolutionary interrelationships of the various progenitor toxin components has not been systematically examined. Since genes encoding these complex components are physically adjacent to genes responsible for BoNT production, it is not unreasonable to expect that their genealogical relationships would mirror that of the neurotoxin.
In this paper, we report elucidation of the organization of the cluster of genes encoding components of the BoNT complex in group I C. botulinum type A, B, and F strains. We report the finding of two distinct gene organizations: one for types A1 and B and another for types A2 and F. The complete sequence of the NTNH gene is presented for strains encoding BoNT types Al, A2, and B, and genealogical analyses provide evidence for chimera-like sequences in some genes. Discordance in trees derived from different regions of the NTNH genes, which is symptomatic of recombination, was observed, indicating that the NTNH gene may be a hot spot for such events within the cluster of genes coding for the BoNT complex. Table 1 according to the method described by Lawson et al. (23) . Escherichiu coli One Shot obtained from Invitrogen (R&D Systems, C'owley, United Kingdom) was used as the recipient for cloning.
PCR and cloning. PCR was carried out with Perkin-Elmer Ampli-Tuq DNA polymerase (Applied Biosystems, Warrington, United Kingdom) as described previously (6) according to the scheme outlined in Fig. 1 . The sequences of primers used are given in Table 2 . PCR products were cloned with a TA cloning kit (Invitrogen) as describcd previously (6).
Hybridization analysis. Hybridizations were carried out with an ECL kit ( h e r s h a m International, Amersham, United Kingdom) according to the manufacturer's instructions. Slot blots were performed essentially as described by Campbell et al. (2) , with hybridization carried out at 42°C and washing carried out at 50°C. The oligonucleotide hybridization probes used are listed in Table 2 .
DNA sequencing. Double-stranded DNA was sequenced as described previously (2) with a U.S. Biochemicals Sequenase kit (Amersham) according to the manufacturer's instructions. Clones obtained from two separate PCRs were sequenced, and, in the case of discrepancy, a third independent clone was analyzed.
Analysis of data. Analysis was performed with the molecular biology software c4 University of Wisconsin Genetics Computer Group package (5). The neighbor-joining method described by Saitou and Nei (27) was used for construction of the phylogenetic trees. The stability of trees was assesscd by bootstrap analysis (1 1) . Bootstrap values were calculated from 250 replicates.
Nucleotide sequence accession numbers. The sequences presented here have been given EMBUGenBank accession numbers as follows: NTNH gene sequences from strains 62A, Kyoto-F, and NCTC 7273, respectively, X92973, X87974, and X78230; P-21-NTNH gene sequences from strains Kyoto-F and Iangeland, respectively, X96493 and X96494; P-21 partial gene sequences from strains Chiba-H and NCTC 9837, respectively, X96491 and X96492. Toxin types are given in parentheses after strain designations. Al(B), production of BoNT/A but with silent BoNT/B present on the genome; A l D , BoNT/A and BoNT/B (dual toxin) production; Bf, BoNT/B and BoNT/F production, but with BoNT/F produced only in minor amounts; NT, nontoxic.
' ND, not determined.
RESULTS
Analysis of the NTNH genes. The regions upstream of the BoNT genes in type A strains 62A and Kyoto-F, type B strain NCTC 7273, and type F strain Langeland were amplified by ITR, and fragments were cloned as outlined in Fig. 1 . The gene encoding NTNH was found immediately upstream of 13oNT, and its sequences in types A and B were determined. In type A strain 62A, the C-terminal 103 amino acids correspond to translation of the region upstream of BoNT/A reported by 13inz et al. (l), and for type B strain NCTC 7273, the Cterminal 8 amino acids correspond to translation of the region upstream of BoNT/B (34). For type A strain Kyoto-F, the C-terminal 16 amino acids of NTNH correspond to the sequence upstream of BoNT/A reported by Willems et al. (35) . The proteins encoded by strain 62A (type Al), Kyoto-F (type A2), and NCTC 7273 (type B) sequences consisted of 1,193, 1,159 and 1,197 amino acids, respectively, and showed homology to published NTNH sequences of toxins of other types (6, 13, 14, 33) . While this work was in progress, Fujita et al. (16) reported the NTNH sequence of type A strain A-NIH, which is identical to that reported here for type A strain 62A. The overall homology shown between these NTNHs (>60% iden- 
[ ;--- tity) is higher than that shown between the BoNTs, which can be as low as ca. 34% identity (3,lO) . From an alignment of the NTNH amino acid sequences (data not shown), it is clear that although the proteins show a high degree of homology, several insertions and/or deletions of one or more amino acids are evident. The largest and most striking of these is at position 115, where there are an extra 33 amino acids in types A1 and B compared with A2. The extra 33 residues are present in the NTNH sequence of C. botulinum type C (33) but are absent from those of C. botulinum type E (14), C. butyvicurn (13), and nonproteolytic C. botulinum type F (6). Preliminary sequence analysis of the region in proteolytic C. botulinum type F strain Langeland shows that it too lacks these 33 amino acids (9). Since all of the strains examined which possess this insert (types Al, B, and C) have HA components in their progenitor toxin complex, it is interesting to speculate that this part of the NTNH may somehow be involved in interaction with HAS. It has recently been shown that the NTNH component of type A, C, and D strains of the M complex has been proteolytically cleaved at a position within the extra 33 amino acids, while the NTNH component of the L complex is unprocessed (16). Since the L complex contains components which have HA activity, while the M complex lacks them, processing within this region may prevent (directly or indirectly) the HA components from interacting to form the larger complex.
To examine the occurrence of this insert in the NTNH genes of other strains, PCR primer I + , which binds to a region within the extra 33 residues (positions 122 to 127 [ Table 2 ]), and primer I-, which spans the site at which the additional residues are present in some strains (residues 110 to 117 for NTNH/A2 [ ' Binding positions are given with reference to the following: BoNT/A (l), BoNT/B (34), HA-33 (B), HA-17 (19), NTNH (6), and P-21 (Fig. 6) . Painvise analyses were performed on the NTNH gene sequences of proteolytic C. botulinum. It was evident from these analyses that for some pairs of sequences there was considerable variation in the degree of homology along their lengths. The variability in the pattern of relationship between different positions in the NTNH sequences of representative combinations of C. hotulznrrrn strains is illustrated in Fig. 2 . For example, the NTNHs of proteolytic C. botulinum types A and B show very high sequence relatedness for approximately the first 000 residues (>99% identity). In contrast, the amino acids from position ca. 600 to the C terminus have a much-reduced Ielatedness, ca. 66% identity. The reverse is observed for the NTNHs of C. botuliizum types A1 and A2, with the C-terminal end showing high sequence identity (ca. 93% for position 670 to the end) compared with that for the N-terminal region (ca. 67% for positions 1 to 669). Matrices of pairwise sequence homology data from different regions of the NTNH (residues 1 to 550, 551 to 1020, and 1021 to the C terminus) were used to construct comparative genealogical trees (Fig. 3) . Major differences in the three trees reinforce the incongruence in the pattern of relationships along the length of the NTNHs. Such marked discordance could be symptomatic of recombination and suggests that the NTNH gene is a hot spot for such events within the BoNT complex cluster of genes. Hutson et al. (21) ~eported that the NTNH gene adjacent to the silent BoNT/B gene (B cluster) in C. hotulinum type A(B) strain 667 was chimeric, with the 5' and 3' regions of the gene exhibiting high homology with the corresponding regions of the type B NTNH gene (Fig. 3) , while a 417-amino-acid sequence in the central region was identical to that in the NTNH whose gene was located adjacent to the expressed BoNTiA gene (A cluster) (Fig. 2) . The results of the present study demonstrate that such chimera-like NTNH genes may be commonplace among proteolytic C. botulirium.
A comparison of the homology values along the length of the cluster of genes encoding the BoNT complex for type A strains 02A and Kyoto-F and type B strain NCTC 7273 is shown in Fig. 4 . In addition to the variation in the degree of homology in the coding regions, further weight is given to the idea of recombination by observation of the intergenic regions. In these strains, the intergenic regions are of identical size and (almost) identical sequence between HA-17 and HA-33, HA-33 and P-21, and P-21 and NTNH in type A strain 62A and type B strain NCTC 7273, while the corresponding region in type A strain Kyoto-F is noncomparable (Fig. 4) . In contrast, the intergenic region between the NTNH and BoNT genes is identical in size and sequence in the two type A strains, while that of type B strain NCTC 7273 is different (Fig. 4) .
Investigation of the HA-33 genes of types A and B. We recently showed that type A strain NCTC 7272 and type B strains NCTC 7273 and 17B encode genes for HA-17, HA-33, and P-21 (linked in this order) upstream of those for NTNH and BoNT (Fig. 1) (8) . The region encoding HA-33 and P-21 was cloned from type A strain 62A (Fig. 1) and was found to be identical to that from type A strain NCTC 7272 (8). To determine if the HA-33 gene is present in other strains, PCR primers based on conserved amino acids were developed (primers H1 and H2 [Table 21 ). Positive results (PCR product of ca. Table 1) . Although the lack of a PCR product may be due to the mismatch of primers with the target gene, these results correlate with the presence or absence of HA activity in the progenitor complexes; strains encoding types A and B, which produce complexes with HA activity, give positive results, while strains which lack HA activity (types A2, E, and F and strains of C. barati and C. butyricum) give no PCR product. Although type G strains produce complexes which contain components with HA activity, purification of the components shows that none correspond to HA-33 of type A, B, or C (25).
Hybridization of the PCR products with probe H33/A (Fig.  5A) shows a positive result for all type A l , Al(B), Al/B, and Bf strains. In contrast, the probe designed to detect HA-33 of proteolytic B (H33Bp) gave a signal only with the positive control and not with any other strains, including the type Al(B) strains (Fig. 5C) . The probe to detect HA-33 of nonproteolytic type B (H33Bnp) hybridized only with the PCR product from the nonproteolytic B strains (Fig. 5B) . Interestingly, all of the Al(B) strains examined hybridized only with probe H33/A, indicating the presence of only type A HA-33. Sequence analysis of C. botulinum type Al(B), strain 667, showed only one HA-33 gene to be present; although it was located in the B cluster, it showed the highest homology with HA-33/A (ca. 99% identity) and possessed the hybridization site of the H33iA probe (21). The single Bf strain examined (strain 3281) hybridized only with the HA-33 type A probe (Fig. 5) . Further experiments are under way to investigate this result.
Elucidation of P-21 gene sequences in C. botulinum types A2
and F. A gene encoding a potential regulator of the BoNT complex was reported for C. botulinum types A and B (designated P-21) (8) and type C (designated orf-22) (19). This gene is clustered with those of the components of the BoNT complex, although it maps to different positions in strains of difEerent toxin types. PCR primers based on conserved regions of P-21 (P1 and P2 [Table 21 ) were designed and used to investigate the presence of this gene in other strains (Table 1) . No PCR products were obtained for any of the strains of nonproteolytic C. botulinum type F, C. botulinum type E, C. barati, lor C. butyn'cum examined. PCR amplification products with the expected size (ca. 400 bp) were obtained for all strains lencoding types Al, Al(B), B, and G for the single proteolytic 1 C . botulinum type F strain and three of the type A2 strains examined ( Table 1 ). The PCR amplification products from the proteolytic C. botulinum type F strain (Langeland) and the three type A2 strains and NCTC 9837) were cloned, and their sequences were determined. Very high sequence homology was observed between the P-21 proteins from these type A2 strains and type F strain Langeland (ca. 91% sequence identity). The P-21 proteins from type A2 strains and type F strain Langeland show ca. 63% amino acid identity with the P-21 proteins from C. botulinum type A1 and type B strains (proteolytic and nonproteolytic), ca. 55% selquence identity with the orf-22 gene product from C. botulinum type C (19), and ca. 26% identity with the uviA gene product From Clostridium pefiingens (17). UviA is thought to be a DNA-binding protein with a possible regulatory function (24). Figure 6 shows a comparison of the sequences of the P-21 proteins of C. botulinum and UviA from C. pefingens. To determine the position of the P-21 gene in strains Langeland and Kyoto-F, PCR strategies were employed. The P-21 gene was found to map in an identical position ca. 2 kb upstream of the NTNH gene in both of these strains. The orientation of P-21 is such that it is transcribed away from the 5' end of the NTNH gene (Fig. 1) .
Analysis of a new open reading frame.
In an earlier study, we reported the 3' end of an unknown orf located upstream of NTNH gene in nonproteolytic C. botulinum type F strain Eklund 202F (6). Cloning and sequencing the region between the NTNH and P-21 genes revealed an orf, which was preceded by a putative Shine-Dalgarno sequence, encoding a protein of 416 amino acids in both proteolytic C. botulinum type F (Langeland) and type A2 (Kyoto-F) strains. This protein has been designated P-47, since it has relative molecular weight values of 47,476 in strain Kyoto-F and of 47,420 in strain Langeland. A comparison of the derived amino acid sequences of P-47 proteins for strains Kyoto-F and Langeland shows ca. 79% identity overall but ca. 96% identity in the first 200 amino acids. The translated 3' end of the orfin C. botulinum type F strain Eklund 202F shows homology to the C termini of P-47 proteins encoded in strains Langeland and Kyoto-F (ca. 66 to 69% identity over 271 amino acids [7] ). Interestingly, the 3' end of this orf is also found in C. botulinum type A(B) strain 667 (21), and translation of sequence upstream of the NTNH gene in C. botulinum type E (14) and C. butyn'cum (13) reveals an orf encoding a protein with homology to P-47s of . This gene maps in identical positions in these strains (Fig. 1) . The gene encoding P-47 is, therefore, widely distributed among strains encoding BoNT and is linked or clustered with genes encoding neurotoxin complex components. It may be pertinent that this gene has been found only in toxin gene clusters which lack genes for HA components of the complex. 
DISCUSSION
It has long been recognized that strains of C. botulinum are physiologically heterogeneous, and four distinct phenotypic groups (I to IV) are recognized (18). These four metabolically distinct groups do not, however, necessarily correlate with the serological specificities of the BoNT produced (18). Genealogical analysis based on 16s rRNA gene sequences has shown that C. botulinurn consists of four highly divergent lines which correlate with the four phenotypic divisions (22). Recent sequencing studies of the genes encoding BoNT have unequivocally demonstrated the marked discordance between trees depicting natural relationships (i.e., 16s rRNA) of the organisms and those of the various BoNT types produced (e.g., see references 3, 10, and 20). In particular, the results of these comparative sequencing studies are strongly indicative of BoNT gene transfer between C. botulinum metabolic groups or rRNA lines (viz., BoNT/B in groups I and 11, BoNT/E in group I1 and toxigenic C. butyricum, and BoNT/F in groups I and I1 and toxigenic C. bard). As outlined earlier, the gene encoding BoNT is clustered with several other genes encoding components of the progenitor complex. Since BoNT is responsible for botulism and BoNT is the primary trait for defining and subdividing the so-called species C. botulinum, a thorough understanding of the evolutionary interrelationships of the genes encoding this toxin and other components of the progenitor complex is essential. Knowledge of the organization of the cluster of genes encoding BoNT complex components is very limited. Information on the genealogy of the various progenitor proteins is also unknown, and since genes encoding these are proximal to that responsible for BoNT production, it is likely that their genealogical patterns would be similar to that of the neurotoxins. In this study, we have examined the arrangements of genes encoding components of the BoNT complex in proteolytic (group I) C. botulinum type A, B, and F strains. Two different arrangements were found. Type A strain 62A and type B strain NCTC 7273 possessed similar organizations, viz., BoNT, NTNH, P-21, and HA components; type F strain Langeland and infant type A strain Kyoto-F exhibited gene organizations similar to each other, viz., BoNT, NTNH, P-47, and P-21, and appeared to lack HA genes. In addition to this discordance in gene organization versus BoNT type, we have shown that the genealogy of the NTNH (the gene encoding NTNH is linked to the BoNT gene) does not mirror the evolutionary history of BoNT. Furthermore, we have found evidence of chimeric NTNH gene sequences, which could be symptomatic of recombination, and indicate that the NTNH gene may be a hot spot for such events within the BoNT complex gene cluster. There is clearly a strong case to extend the described studies to embrace further group I strains and C. botulinum groups (including other BoNT-producing species) to obtain a better understanding of population structure within this important pathogen and a complete picture of the evolutionary histories of its neurotoxin and associated proteins. Such genetic information is of great relevance to the taxonomy of C. botulinum, which is currently defined and subdivided on the basis of the type of neurotoxin produced.
